Abstract-Hydraulic manipulators are commonly used for tasks that require large forces over a large workspace. Current hydraulic manipulators are often operated using individual joint control. Since many of these manipulators are long kinematic chains, such as excavators and concrete pump trucks, it can take years of training and experience to become a true expert operator, resulting in a large number of novice operators. Haptics and coordinated control have been shown to improve various operator performance measures such as task completion time and the amount of applied force. This paper outlines a novel coordinated control scheme and shows that coordinated position control is feasible for slow and/or large-workspace manipulators. It discusses the results of these two coordinated control modes with and without haptics on operator task completion time. The performance of a single expert operator is provided as a comparison. This paper also includes a fuel efficiency measurement absent in previous work. The results are benchmarked against current joystick control.
I. INTRODUCTION
YDRAULIC manipulators are used extensively in construction, agriculture, and mining. Hydraulics is the prime choice for these applications because its high power density can provide the necessary forces. Common examples of such manipulators are excavators, backhoes, concrete pump trucks, and telehandlers. These large hydraulic robots are of necessity teleoperated to provide the needed force magnification. Despite their ubiquity and utility, hydraulic manipulators are difficult for novices to use, resulting in time and energy inefficiencies.
State of the art hydraulic manipulators are operated with individual actuator rate control. If the actuators are hydraulic motors, then this is equivalent to individual joint rate control. If the actuators are hydraulic cylinders, then the result is more complicated because of the nonlinear mapping between the cylinder velocity and the joint velocity. In order to control the end effector motion, the operator must learn to do the inverse kinematics mentally. Since the manipulators are long kinematic chains with offset actuators, this is not easily learned. Even true experts, capable of doing such feats as picking up raw eggs with a backhoe [1], continually make mistakes [2] , most likely from the high cognitive load. These mistakes waste time and fuel. For novices, the task is even more daunting, and, not surprisingly, there are schools that offer training courses on how to operate hydraulic equipment [3] .
With electro-hydraulic circuitry it is no longer necessary to have the operator sitting on the telemanipulator. Indeed, in many cases it may be desirable to have the operator off-site for safety reasons as in mining or nuclear waste handling [4] . Even in everyday use, it can be desirable to have the operator off the manipulator so that he can have a better viewpoint, or so that he no longer has to travel to remote worksites. Having the input device and the manipulator only electrically connected creates greater freedom of design for input devices. This allows designers to consider the difficulty of use for novice operators as a factor when designing input devices.
Previous research has shown that coordinated control and haptics improve novice operator performance, while experts often show little (positive or negative) or no performance improvements [5, 6] . 'Performance' has several different definitions depending on the task, but generally means decreased task completion time and/or a reduction in applied force, as in [6, 7] . Most of this work has been done on smaller, more responsive robots that experience human-scale forces [7, 8] , overlooking the large workspace and dynamically slower robots that apply forces much greater than the human scale.
This paper explores the feasibility of using coordinated position control (hereafter just 'position control') for novices operating hydraulic manipulators with large workspaces and slower dynamics. A mixed coordinated position-velocity control (hereafter 'hybrid control') is developed for the same application. The effectiveness of position control and hybrid control are compared. It evaluates the effectiveness of scaled force reflection on operator performance using each control mode. As a benchmark, position control is compared to standard joystick control. Time and energy efficiency are measured for all humanmachine interfaces.
This paper is organized as follows: Section II discusses previous work in this area, Section III describes the humanmachine interfaces and testbed used for this study. Section IV reports on the testing procedures and results, and Section V provides a discussion of the results. 
Comparison of Human-Machine

II. BACKGROUND
Operator interfaces for heavy hydraulic manipulators continue to evolve. These manipulators were first controlled directly by levers or pedals that directly moved the valves controlling the manipulator. Then pilot-operated valves were implemented that allowed the operator to control a smaller valve requiring less force to move that would in turn move the valves controlling the manipulator. More recently these have been replaced in part by electro-hydraulic systems. In these systems the operator controls the valves by moving electronic joysticks or other controls that send a current to a solenoid that moves the valves. Since the operator's controller and the manipulator are only electronically connected, new possibilities emerge such as remote teleoperation [4] , coordinated control, and artificial force feedback (as opposed to the forces fed back from the mechanical or hydraulic coupling).
Controlling the valve displacement is fairly equivalent to controlling the joint velocities. Controlling the joint velocities directly requires the operator to do the inverse kinematics of the manipulator in his head. Coordinated control relieves the operator of this cognitive load. Coordinated rate control has been shown enable novice operators to more readily control hydraulic equipment [6, 9, 10] . Coordinated position control has been shown to be more effective than coordinated rate control in most circumstances, especially for novices [11, 12] . Notable exceptions to this rule are large workspace and/or slow manipulators, and tracking tasks [11, 12] . These are best accomplished with coordinated rate control [12] . Since hydraulic manipulators have large workspaces and relatively slow dynamics, coordinated rate control has been used over coordinated position control. [13] implemented coordinated position control on a backhoe, but found that the magnitude of the cab vibrations was great enough to lead to instability.
Haptics have also been used to improve operator performance [10] , even in the face of time delay [14] . Many have stated that the goal of haptics is transparency [15] ; however, this clearly cannot be the case when working with forces much greater than human scale. Little work has been done on how to best portray large forces to operators.
While both coordinated control and haptics have, among other things, been shown to decrease task completion time and reduce applied forces, little work has been done correlating the work between the operator interface and energy efficiency. Fuel is an increasingly large cost for operating mobile hydraulic manipulators.
III. EXCAVATOR SIMULATOR
A hydraulic excavator was selected as the testbed for this study since excavators are among the most common hydraulic large-workspace telemanipulators. In order to truly test the efficiency of different human machine interfaces, each interface needs to be used on the same machine to do the same task. Implementing the interface and necessary sensors on a hydraulic manipulator is expensive and time consuming.
In order to more quickly test, ensure operator safety, and maintain task repeatability, an excavator simulator was constructed, and two different interface devices installed.
A. Simulated Dynamics
A simulator was constructed that mimics the hydraulic and mechanical system dynamics of a pump-controlled excavator developed at Purdue University [16] . Models of both systems and the interaction of the excavator with the environment were built in Simulink. The model runs on an XPC target computer at 1kHz. For fully developed explanations of the simulated dynamics, see [17] .
B. Operator Workstation
The operator workstation is a modified cab of a Bobcat 435 excavator, the same machine that was modeled in Simulink. A 52 inch LCD TV is mounted to the windshield of the excavator, covering both glass panes. The TV displays a 1920x1080 pixel image of the arm and environment as the operator performs a trenching task. The trench the operator should dig is delineated in a flat green in contrast to the grass texture covering the rest of the soil. The image is updated at 60Hz as the graphics rendering program receives updates from the XPC target computer on the joint angles of the machine and the location of the soil being removed. To further immerse the operator into the simulator, engine noise is played in the cab by two speakers. The volume of the noise varies with the engine load. A more in-depth discussion of the operator workstation and simulator can be found in [18] . 
C. Operator Interface Devices
The operator workstation is outfitted with two interface devices: two two-degree-of-freedom joysticks and a Phantom Premium 1.0A.
1) Joysticks:
A stock excavator is controlled by two two-DOF joysticks. Each degree of freedom of the joysticks controls the flow to a single actuator. The Bobcat 435 excavator comes with hydraulic joysticks. These were replaced by Sauer-Danfoss electronic joysticks that are used in similar equipment, so that the joysticks can interface directly with the excavator dynamics simulator. 2) Phantom Premium 1.0A: Hereafter referred to simply as the Phantom, this input device is a kinematic chain that has three links allowing the user to move the tip of the device about in three-space. Attached to the tip of the device is a three-DOF spherical wrist, giving a total of six degrees of freedom. Since the excavator arm has only four degrees of freedom, two of degrees of freedom of the wrist are unused in controlling the excavator. The Phantom is used to implement coordinated control. The operator grips the custom handle attached to the spherical wrist (see Fig. 4 ) and the motion of the operator's arm moves the excavator in the correlated direction. Two different coordinated control modes are used: position control and hybrid control. Position control relates the position of operator's arm to the Cartesian coordinates of the workspace that are fixed in a world frame (a frame that does not revolve with cab). The workspace of the Phantom is much smaller than the workspace of the excavator, so there is a large scaling factor (roughly 31x) If the operator moves his hand a unit to the left, the end effector moves a scaled unit left, if he moves a unit up, the end effector moves a scaled unit up, etc. (see Fig.  5 ). The angular rotation of the handle controls the angular position of the end-effector (the bucket). So as the operator curls his wrist one unit, the bucket curls a scaled unit. Hybrid control relates the operator's hand motion to motion in a coordinate system fixed to the cab, the coordinate system the operator is sitting in. This is a cylindrical coordinate system, with position control in the radial and vertical directions, and rate control in the theta direction. If the operator moves his hand a unit away from himself, the end effector moves a scaled unit away from the cab. The vertical and end effector correlations are the same as in position control. If the operator moves his hand out of a deadband to the left and right, he will cause the cab to swing with a scaled velocity left or right (see Fig. 6 ).
[19] has compared coordinated rate control in Cartesian and cylindrical coordinates, and found cylindrical coordinates to be superior.
3) Force Feedback: The Phantom device has programmable force feedback. The dynamics simulation calculates the force of environment on the end effector. This force is scaled down to a -3.5 to a +3.5 newton range and displayed to the operator in either Cartesian or cylindrical coordinates (depending on the input mode). In hybrid mode, a spring return force is provided in the left-right direction that pushes the user back towards the deadband so that it is easier for the operator to know when he is commanding zero swing velocity. The joysticks also have spring returns to return them to a zero velocity command in the presence of no user input.
IV. TEST PROCEDURES AND RESULTS
Two different tests were performed on the excavator simulator. The first compared the two coordinated control modes to each other with and without haptics. The second compared the most successful of those modes (position control without force feedback) with joystick control. Subjects for all tests were novices between 21 and 33 years of age. Six subjects participated in the first test and 24 in the second test. In addition to these subjects, one expert operator with 10 years of experience was brought in to provide a comparison to the novices.
A. Test Procedure
In both tests the operators were given the same goals: the primary goal was to remove as much soil as possible from the trench, and the secondary goals were to go as cleanly as possible into the trench (avoid hitting the walls) and to dump the excavated soil all in the same location. The operator could pick the location to dump the soil as long as it was outside the trench.
For the first test comparing the different control modes of the Phantom, the operators were given an explanation of how the first control mode worked. Then they were given two minutes to practice excavating with that control mode. Following that, they attempted to best reach the goals in two two-minute runs. They were given an approximate 90 second rest between each two minute run while the data from the previous run was being saved. The process was then repeated until the operator had used all four modes (both position and hybrid control with and without force feedback). The order that each subject used each mode was systematically varied. Upon completion of all eight runs, each subject completed a survey asking about his preferences.
For the second test benchmarking position control against standard joystick control, the operators were given five minutes to warm up with the first input device. Then the subject performed five two-minute runs with approximate 90 second pauses in between each run. The process was then repeated for other input device. The order that the subjects used each device was reversed for the next subject. Each subject completed a survey about the ease of use of both interfaces after completing all test runs.
B. Test Results
The results from the first test were broken down by goal. The amount of soil removed was recorded to see how well the operators accomplished the primary goal. A 'pile proximity' value was recorded to measure how well the operators did at placing their piles. Pile proximity was defined as the inverse of the standard deviation of the distance all piles were dumped from the average dump location during each run. A 'trench wall hitting' value was recorded that was the ratio between the number of times the operator entered the trench without hitting the trench wall and the total number of times that bucket entered the trench. The energy used during each run was recorded as well, and although the subjects were not told, their energy efficiency in terms of removing soil was calculated.
The first test showed that the two position control modes were superior to hybrid control modes in achieving the operators' goal of dumping the piles near to each other and in removing soil efficiently (p < 0.01 using MANOVA in both cases). There was not a statistical significance in the amount of soil removed or in how cleaning the operator entered the trench (p § .91 for both cases) (Fig. 7) . Comparing the position control modes to each other using ANOVA found no statistical significance in any one of the four measures. The same held true for both hybrid modes as well. The smallest p value for any measure was 0.39. This shows that force feedback has minimal effect on operator performance or efficiency. Operators showed a clear preference for position control and a preference for no force feedback (Fig. 8) . All subjects ranked position control with no force feedback as giving the most accurate bucket control.
For the second test, the best control mode, position control with no force feedback, was compared to standard joystick control. One expert operator was brought in to provide a comparison to the novices. He outperformed the novices with the joysticks in all measures except pile placement. Trench wall hitting was no longer used as a measure because many more subjects participated in this study and it is time consumes to calculate this measure for each subject. Further discussion of the results is found in [20] . To provide further insight, other measures were gathered during the second test. These included: the average number of functions operating at more than 10% of maximum flow over the entire test, the average load size, meaning the amount of soil in the bucket after each scoop; the number of piles, i.e. the number of times the soil was emptied out of the bucket and not back into the trench; and the number of piles dropped, meaning the number of times soil was captured in the bucket but not successfully brought out of the trench. The results indicate that position control is feasible for slower, large-workspace manipulators. Novice performance was improved using coordinated position control instead of standard joystick control. Novices removed 85.6% more soil by using only 56.5% more fuel, which combine for an 18.6% increase in task efficiency (soil/fuel). All of these measures were statistically significant (p < 0.05 using ANOVA). Eleven novices using position control outperformed the expert using the standard joystick interface, meaning that novices can perform as well as experts with the new input device and control mode. This agrees with the findings of [21] who showed that novices can perform near the level of experts with improvements in the human-machine interface.
Average Normalized Measures
The expert performed slightly better on average in terms of task efficiency and the amount of soil removed with position control, but not significantly. The expert did significantly better with position control with regards to pile placement. [5, 10] also found that expert operators performed as well using new input devices as with standard joysticks. Admittedly, results from a single expert operator are not enough to draw solid conclusions from, but it does suggest that, if investigated, the findings would agree with previous work.
Operators performed better using position control than hybrid control, despite the better movement compatibility [22] between the operator's frame of reference and input device's frame of reference. This finding also may disagree with [19] , although coordinated rate control was used in his experiments. Operators also clearly preferred the position control mode over the hybrid mode.
The operators did not have much time to learn how to use any of the controls. Although the amount of learning was minimal for the operators, it is possible that with more time and training the difference between control modes would disappear, as in [23] .
Force feedback induced biodynamic feedthrough that led to instabilities similar to those found by [13, 24] . All operators noted this issue, although it was not directly measured because of the difficulty in finding a reliable way to do so. This is due to the initial large force at ground contact that causes the operator's arm to rebound, moving the manipulator off contact. Once the manipulator is not in contact, the reflected force becomes zero and the force exerted by the operator pushes the manipulator into contact again. Basically, this is a case of rigid contact chatter, even though the environment is not rigid. Clearly vibrations, even of small magnitudes, destabilize position control input devices that scale up to a much larger workspace. In such cases, coordinated rate control would appear to be a better choice [11] . Future work could find a breakpoint at which the master:slave workspace ratio compared to the amplitude of vibrations induced causes instability. Many of the operators mentioned that the force feedback was jerky. More research focus on what haptic feedback would be best to give to the operator to improve performance in such high-force, slow-dynamics applications.
While the Phantom may be an improvement in input devices, [25] found that the phantom device can be uncomfortable and is not ergonomic. Also, looking at the device can be confusing, and many mentioned that despite the explanation, they expected the excavator to mimic the phantom's joint angles rather than their arm's configuration.
